This paper presents a study assessing the probability of selecting a resolution approach to tackle an obsolescence issue. First, the Delphi method was applied across an industry expert panel to derive a set of 15 obsolescence resolution profiles (ORPs). The ORPs represent the probability of using each obsolescence resolution approach to tackle an obsolescence issue. Each ORP is characterized by the complexity level of the obsolete component and the level of proactiveness for obsolescence management, which have been identified as the two major factors that influence the probability of using each resolution approach. Second, the results were enhanced by means of a definitions refinement workshop. Finally, the ORPs were refined and validated by means of a workshop with experts based on the theoretical trends expected for each resolution probability. More than 40 experts in obsolescence from across the UK from the defence, aerospace, railway and nuclear sectors have participated in the study.
INTRODUCTION
The rapid change in technology during the last few decades has exacerbated the obsolescence problem in the defence sector, especially for electronic, electromechanical and electrical (EEE) components, as their life cycle is becoming increasingly short [1, 2] . There are various resolution approaches that can be applied to tackle an obsolescence issue, which have been identified and defined as part of this research in collaboration with experts on obsolescence from across the UK defence sector.
Obsolescence is a major issue in long-life support systems, and occurs when the spares of a component are no longer in stock, or are no longer being produced by its suppliers or manufacturers [3] [4] [5] [6] . This is having a serious impact on the sustainment of most platforms in the defence sector, as their life cycles need to be extended for several decades [7, 8] .
The UK's Ministry of Defence (MoD) is promoting a move towards new business models that provide better value for money, such as contracting for availability [9] . These new ways of contracting are transferring risks from the customer to the prime contractor, who is in a better position to manage them in the most cost-effective way [10] . Therefore full obsolescence management is starting to be passed on to the supplier. This therefore makes it necessary, at the bidding stage, to estimate its cost so that it can be included in the contract [11] .
One of the main challenges in estimating the obsolescence cost is that, in most cases, the resolution approach to tackle a particular obsolescence issue cannot be specified in advance. Therefore the aim of the study presented in this paper is to determine the probability of using each resolution approach to tackle an obsolescence issue, based on the experience of more than 40 industrial experts in obsolescence.
This study has five objectives:
1. to define the different resolution approaches that can be applied to tackle an obsolescence issue for an electronic component;
2. to define the complexity of electronic components, and classify them accordingly; 3. to categorize the obsolescence management strategies according to the level of proactiveness deployed; 4. to estimate the probability of using each resolution approach to tackle an obsolescence issue, taking into account the complexity level of the electronic component and the obsolescence management level deployed; 5. to compare the trends of those probabilities across different levels of complexity of the obsolete component and proactiveness level to manage obsolescence.
RESEARCH METHODOLOGY
Prior to starting the obsolescence resolution profiles study, it was necessary to conduct a preliminary study to establish the basic concepts in the area of obsolescence management. Fig. 1 shows the overall research methodology.
Preliminary study
The differences between the terms 'mitigation' and 'resolution' have been clarified in collaboration with five experts from different organizations with a range of 5-12 years' work experience in the field. It was established that there was a lack of consistency across industry in the usage of these terms, with some individuals using them interchangeably. Therefore it was necessary to define each one appropriately, to provide a common understanding. Also, the possible resolution approaches that can be applied to tackle an obsolescence issue for an electronic component were identified and defined. This was based on the literature, on the MoD's 2004 obsolescence cost metrics study [12] , and on discussions with the five experts on obsolescence from industry.
The second step was the development of a classification of electronic components according to their level of complexity. The concept of complexity can be regarded as tacit knowledge that obsolescence experts develop as they deal with obsolescence issues. In order to define this concept explicitly, the critical incident technique [13] was followed during a four-hour workshop with one obsolescence expert (seven years' industry experience in the field). This methodology made it possible to capture the logic and key parameters that define the complexity of an electronic component by comparing the features of different components [14] . The outcomes of this session were refined and validated in collaboration with another obsolescence expert (ten years' industry experience in the field). Subsequently, the concept has been presented at several Component Obsolescence Group (COG) quarterly meetings and conferences, where it was approved by the attendees (more than 70 obsolescence experts).
The next step was the classification of the obsolescence management strategies according to the level of proactiveness deployed. This classification was based on information gathered through seven semi-structured interviews with twelve obsolescence experts from five defence organizations, and from an exhaustive literature review. It was refined and validated in collaboration with an obsolescence expert (seven years' industry experience in the field). In the same manner as the complexity concept, this classification was presented at several COG quarterly meetings and conferences, where it was approved by the attendees (more than 70 obsolescence experts).
By means of the interactions with industry described hitherto, it was established that the probability of using a resolution approach to tackle an obsolescence issue for an electronic component depends mainly on these two parameters: the level of complexity of the obsolete component, and the level of proactiveness deployed to manage The obsolescence resolution profiles study was composed of three major phases, as shown in Fig. 2 .
Phase 1: Delphi method
The results of the preliminary study and the membership of the COG set the appropriate Fig. 2 Obsolescence resolution profiles study methodology: phases circumstances for deploying the Delphi method to estimate the probability of using each resolution approach to tackle an obsolescence issue, taking into account the complexity level of the electronic component and the obsolescence management level. COG is a special interest group of like-minded professionals, from all levels of the supply chain, and across all industries and relevant government agencies concerned with addressing and mitigating the effects of obsolescence [15] . The Delphi method is 'an iterative process to collect and distill the anonymous judgments of experts using a series of data collection and analysis techniques interspersed with feedback' [16] . This research tool is particularly well suited to new research areas and exploratory studies, such as the development of ORPs [17, 18] . The key reason for using the Delphi method is that there is a lack of appropriate historical data about the resolution approaches used to solve obsolescence issues, and thus expert judgement is required [19] .
First, a questionnaire was developed, to be used in the first round with the COG panel (see Appendix 1 in the supplementary data available with the online version of this paper). Prior to this, it was piloted with an obsolescence expert (seven years' experience) to make sure it was clear, unambiguous and precise. In the questionnaire, the participant is initially requested to input the years of experience on obsolescence and the obsolescence management level that best represents the current practice of the company or project that they are involved in. Subsequently, the participant can assess the likelihood of having resolved an obsolescence issue following each of the given approaches for each complexity level of the component. Keeney and von Winterfeldt [20] support the use of probabilities to quantify expert judgements in examining complex technical and engineering problems. In the light of this, the score provided by each participant is based on an 11-point Likert scale ranging from 0 (never used) to 10 (certainly used), and during the analysis phase these results are turned into percentages. A total of 38 experts in obsolescence participated in the first round, and the responses were subsequently analysed. During this analysis, the mean and standard deviation of the responses were calculated, and a 95 per cent confidence level was considered in order to remove the outliers (the 5 per cent of the responses that were beyond the limits of this interval were ignored).
In a second round, the outcomes of this analysis were presented to 33 obsolescence experts, of whom 13 had also participated in the first round. They took the opportunity to discuss the results and fill in a new questionnaire (see Appendix 2 in the supplementary data available with the online version of this paper), either corroborating the results or correcting them.
The participants were given the possibility of amending any percentages from any pie chart, by writing the new figure next to the old one in the questionnaire, so that the rest of the percentages would be adjusted during the analysis phase, keeping the same proportions. If the participant believed that no amendments were required for a pie chart, they would circle the 'OK' below it. A final analysis of these responses allowed the outcomes of the first round to be refined, providing the ORPs as a result.
The years of experience on obsolescence of the participants in the Delphi study are shown in Table 1 .
Phase 2: Definitions refinement
A total of 38 obsolescence experts from different organizations participated in the obsolescence definitions workshop in order to define the different resolution approaches properly and generate a common understanding of these terms across the UK defence sector. During Phase 1, one of the resolution approaches considered was the replacement of the obsolete component using another with the same form, fit and function (FFF). However, the outcomes of the obsolescence definitions workshop led to the decision to break this approach down into equivalent and alternative. The distinction between these is that an equivalent component is functionally, parametrically and technically interchangeable with the obsolete one, whereas the performance of the alternative component may be different from that specified. Therefore a subsequent study was carried out with six key obsolescence experts from five different organizations (their experience ranged from 11 to 40 years) to split the probability of using an FFF replacement into equivalent and alternative. A questionnaire was filled in by each expert, indicating the proportion in which the FFF replacement percentage needed to be broken down for each of the 15 ORPs. The responses collected were analysed, and the mean was applied to refine the ORPs resulting from the Delphi study. 
Phase 3: Trends refinement -validation
The ORPs were analysed in terms of identifying the trends in probability of usage for each resolution approach across the different levels of complexity or levels of proactiveness to manage obsolescence. Those trends were presented at the ORP refinement workshop, at which six key experts on obsolescence from different organizations participated (their level of experience is detailed in Table 2 ). The objective was to validate the trends by checking their plausibility [21] , making sure that the patterns and figures made sense. The experts discussed each trend, concluding whether it matched the anticipated trend based on their experience or not, and justifying it. Additionally, alternative ORPs were derived to adapt them to the termination stage of the in-service phase (typically, the last five years of the project). During this phase, the likelihood of resolving obsolescence issues by means of cannibalization and lasttime buy (LTB) increases, while using equivalents and alternatives or doing redesigns or emulation become less likely. The assumption made for this adjustment is that the probability of using equivalents and alternatives, redesigns or emulation will reduce by 50 per cent. The increase in the probability of using cannibalization and LTB will be proportional to their probabilities in the original ORPs. In principle, the experts agreed that these adjustments are reasonable, and make the alternative ORPs more suitable for the end of the in-service phase than the original ones.
RESULTS
The first outcome of this study was a set of definitions agreed across experts in the British defence sector. A distinction has been made between mitigation strategies and resolution approaches. Mitigation strategies are those actions performed in order to reduce the risk or potential impact of obsolescence issues, whereas resolution approaches are those actions carried out once an obsolescence issue arises and needs to be addressed.
Obsolescence resolution definitions
The definitions for the different resolution approaches that can be applied to tackle an obsolescence issue for an electronic component are presented in Table 3 . These resolutions can be grouped into four categories, as shown in Fig. 3 : the use of the same, obsolete component; the use of an FFF replacement; emulation and redesign. An item whose performance may be different from that specified for one or more reasons (e.g., quality or reliability level, tolerance, parametric, temperature range).
Authorised aftermarket
An item that is available on the market, but not from the original manufacturer or supplier (typically finished goods provided by licensed sources). Note that the components in this category must have the same specifications as the original ones. Emulation A manufacturing process that produces a substitute form, fit and function, and interface (F3I) item for the unobtainable item. Microcircuit emulation can replicate with state-of-the-art devices that emulate the original and can be manufactured and supplied on demand.
Redesign
An obsolete item is designed out of the system. Usually used as a last resort because of the cost implications. Redesign typically has the goal of enhancing system performance and improving reliability and maintainability. The cost for redesign can include engineering, programme management, integration, qualification and testing. Redesign can be further broken down into categories, e.g. minor (board re-layout) and major (board replacement). 
Fig. 3 Obsolescence resolution approaches
Following the disambiguation between the terms 'emulation', 'minor redesign' and 'major redesign', defined in Table 3 , it can be assumed that:
(a) the major redesign takes place at the subsystem/ assembly level; (b) the emulation takes place at the assembly/board level; (c) the minor redesign takes place at the board/part level;
considering the following levels in the system hierarchy:
(a) subsystem (e.g. radar, avionics); (b) assembly (e.g. display); (c) board (e.g. graphics card); (d) part (e.g. resistor).
EEE component complexity
The second outcome of this study is an explanation of the complexity concept for electronic components, so that they can be classified accordingly. The level of complexity will influence the probability of using each resolution approach to solve an obsolescence issue. Electronic components can be classified into three categories based on their complexity level: low, medium and high. The categories, and their characteristics, are shown in Fig. 4 .
High-complexity components are characterized as bespoke, expensive, cutting-edge technology, and are not backwards-compatible. In general, this type of component is supplied from a single source, and the suppliers are usually small, or of low reliability. The life cycle of these components is usually very short (around one or two years), and they are not easy to emulate. Examples of this type of component are LCD displays and microprocessors.
Medium-complexity components are usually readily available, and are easily adapted into FFF replacements. Furthermore, they are easy to emulate. Examples of this type of component are switches and electromechanical components.
Low-complexity components are characterized as standard, low-cost, generically defined, and backwards compatible. In general, these components are passives, and can be procured from multiple suppliers. Examples of this type of component are standard capacitors and resistors.
Essentially, low complexity is a characteristic of commodity items, whereas high complexity is a characteristic of tailored items. Therefore the difficulty of resolving an obsolescence issue increases with the complexity of the obsolete component, as there are fewer FFF replacements available.
Obsolescence management levels of proactiveness
The third outcome of this study is the classification of obsolescence management (OM) into five levels of proactiveness based on the mitigation strategies employed, as shown in Fig. 5 . In this classification, level 1 represents a purely reactive strategy, and level 5 represents the most (i) modularity [22] ; (ii) transparency; (iii) use of technology, components and materials that are less likely to become obsolete; (iv) use of multi-sourced components.
The more mitigation strategies are employed -that is, the higher the level of proactiveness in managing obsolescence -the lower the risk of obsolescence would be. The risk is reduced twofold: the probability of having an obsolescence issue diminishes, and the impact of the potential obsolescence issue decreases as well.
Results in Phase 1
A comparison between the outcomes of the first and second rounds of the Delphi study indicates that most of the figures received little adjustment during the second round (average of 61.43 per cent). However, some figures changed by 7 per cent or more, such as the probability of using cannibalization when the OM level is 1 (totally reactive) to resolve an obsolescence issue for any level of complexity. As shown in Table 4 , the cannibalization probability decreased from 38.3 per cent to 24.8 per cent for low-complexity components, from 35.1 per cent to 26.7 per cent for medium-complexity components, and from 32.1 per cent to 24.2 per cent for high-complexity components. For low-complexity components, the probability of using an FFF replacement increased from 7.9 per cent to 18.6 per cent when the OM level is 1 and from 22.9 per cent to 29.9 per cent when the obsolescence management level is 4. The reason for this adjustment is that the figures resulting from the first round of the Delphi study for this case were higher than reality for cannibalization and lower for FFF replacement.
This comparison of the results between the first and second rounds shows that the differences were minor, and hence no further iterations in the Delphi method were required.
Results in Phase 2
As a result of the obsolescence resolution workshop, the FFF replacement resolution approach was broken down into 'equivalent' and 'alternative'. The results ( Table 5) reflect that for all level of proactiveness in managing obsolescence, the probability of finding an equivalent instead of an alternative is higher for lowcomplexity components, but lower for medium-and high-complexity components. This is coherent with the characteristics defined for each level of complexity: the higher the complexity of the obsolete component, the more difficult it would be to find an equivalent to replace it. Table 6 shows how the probabilities of using each resolution approach varied after taking into account the theoretical trends conceived by experts. Less than 35 per cent of those values have been modified by more than 2 per cent, and none has been modified by more than 9.5 per cent. This indicates that the adjustments made to adapt the ORPs to follow the theoretical trends brought about necessary but not substantial changes to the figures.
Two different trends were analysed for each resolution approach. The first trend represents the evolution of the probability for each level of complexity across the different levels of proactiveness to manage obsolescence. An example of this analysis is provided in Fig. 6 . The second trend represents the evolution of the probability for each level of proactiveness across the different levels of complexity in the obsolete component. An example of this analysis is provided in Fig. 7 .
According to the experts, for low-and mediumcomplexity components the probability of using emulation is expected to be low and flat across the different levels of OM, because it is very expensive to apply this resolution approach to these types of component (Fig. 6 ). The trend for high-complexity components is expected to become flat from OM level 3 to level 5. Additionally, the fact that, for every level of proactiveness in OM, the probability of using emulation is higher for high-complexity components and lower for low-complexity components is coherent with the theoretical expectations.
The trend for all OM levels should be increasing, because an LTB is more likely for high-complexity components in order to avoid redesigns. Therefore the trend for OM level 4 has been adapted to fit the theoretical trend ( Fig. 7) . Additionally, it is logical that, for the most reactive level of obsolescence management (OM1), the probability of an LTB is lower that for more proactive strategies, because most of the product change notifications will be ignored or not addressed on time. Therefore most of the LTBs will be missed. Values for which the variation is higher than 2% are in italic. 
Obsolescence resolution profiles
Finally, the main outcomes of this study are the ORPs. Table 7 shows a total of 15 columns for the ORPs; each one represents the probability of using each obsolescence resolution approach to tackle an obsolescence issue. Each obsolescence resolution profile is characterized by one level of component complexity (low, medium or high) and one level of proactiveness for obsolescence management (from 1 to 5, where 1 represents total reactiveness and 5 represents the highest level of proactiveness). For instance, if a low-complexity component becomes obsolete, and obsolescence is managed at the lowest level of proactiveness (OM1), then the probability of making an LTB is 12.9 per cent, and the probability of solving the obsolescence issue by doing a minor redesign is 7.2 per cent. The alternative ORPs, which represent the likelihood of using each resolution approach during the termination stage of the in-service phase, can be calculated from Table 7 by reducing by half the probability of using equivalents, alternatives, redesigns and emulations. The existing stock and authorized aftermarket will remain unchanged, and cannibalization and LTB should increase proportionally to their probabilities in the original ORPs.
DISCUSSION AND CONCLUSIONS
An overall analysis of the differences between the trends in the ORP resulting from applying the Delphi method and the theoretical trends indicates that the reasons for these may be as follows.
First, the sample size was small. Only 38 experts participated in the first round and 33 in the second round of the Delphi study. In the first round, each expert provided data related to a particular level of obsolescence management, as shown in Table 8 . Therefore it can be argued that the level of uncertainty is high, especially for OM levels 1 and 2, owing to the reduced sample size (five and three experts, respectively). However, the 33 experts who participated in the second round validated the figures for all the OM levels. Second, experts from across the UK defence sector participated in each round of the Delphi study. Many of them have different backgrounds, and the fact that they work at different levels of the supply chain (e.g. customers, system integrators, manufacturers, suppliers, authorised aftermarket) results in their having different points of view about the resolution of obsolescence issues. For example, the system integrators have a good overall understanding of the likelihood of using each resolution approach, because they are usually in charge of managing obsolescence and finding solutions for obsolescence issues. However, in many instances the decision on the resolution approach selected relies on the customer, especially when the obsolescence issue becomes expensive to resolve. Suppliers and authorised aftermarket might be aware of the obsolescence related to the components that they are sourcing, but do not have access to developments in the rest of the system.
The point above makes clear the independence across most of the members of the panel for each round of the Delphi study. Additionally, the fact that most of the experts who participated in the second round (20 out of 33) had not taken part in the previous round shows the independence between the experts in the two rounds. Therefore the potential bias associated with dependences between experts has been reduced.
The main result of this study is a set of ORPs developed and validated in collaboration with experts in obsolescence from across the UK defence sector. Because historical data were not available, it was necessary to rely on expert judgement to achieve the results. An adequate number of experts participated in this study, therefore reducing bias, coupled with the application of the Delphi method to facilitating the building of consensus. The iterative methodology followed in this study allowed the results to be refined and therefore best represent the actual likelihood of using each resolution approach. An essential finding in this study was the identification of the two major factors that influence the probability of using each resolution approach; the obsolescence management level of proactiveness, and the complexity level of the obsolete component. 
